Herein, we present the synthesis of Ag-Au bimetallic nanocomposites stabilized with organic-inorganic hybrid microgels. The aim is to get both the surface plasmon resonance (SPR) and catalytic performance of the composite material can be changed in response to external stimuli. Ag@poly(Nisopropylacrylamide-co-3-methacryloxypro-pyltrimethoxysilane) (Ag@P(NIPAM-co-MAPTMS)) hybrid microgels were synthesized by seed-emulsion polymerization using Ag nanoparticles (NPs) as the core and NIPAM/MAPTMS as monomers. Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels were prepared by a galvanic replacement (GR) reaction between Ag NPs and HAuCl 4 , with the composition and structure of these bimetallic nanocomposites being determined by the amount of added HAuCl 4 .
Introduction
Bimetallic nanoparticles (NPs) have been widely used in catalysis, sensing, and biomedical applications [1] [2] [3] owing to their multi-functionality originating from the synergistic effects of the two components, exhibiting an increased number of active sites due to the enhanced effect of the electromagnetic eld on bimetallic interfaces. [4] [5] [6] [7] In addition, the above NPs exhibit enhanced catalytic activity and selectivity owing to their ability to improve electron transfer rates and change original electronic structures. [8] [9] [10] Meanwhile, the regulation of bimetallic NPs morphology/crystal structure can greatly enhance surface plasmon resonance (SPR) properties and hence improve catalytic performance, optical absorption, and surface-enhanced Raman scattering. [11] [12] [13] Among the multitude of bimetallic NPs, Ag-Au ones have attracted increased attention due to the high extinction coefficient and electronegativity of Ag NPs and the high chemical stability and biological activity of Au NPs.
14, 15 The similarity between the lattice spacings of Ag and Au allows the fabrication of Ag-Au bimetallic nanocrystals with tunable morphology, 16 and the optical performance of Ag-Au NPs can be regulated by adjusting their structure and the relative contents of Ag and Au. 17, 18 Compared to the co-reduction approach, the galvanic replacement (GR) reaction strategy had received more attention due to offering facile reaction conditions and allowing the fabrication of bimetallic NPs with tunable structures that can be controlled by adjusting the concentration ratio of metal precursor salts. [19] [20] [21] The unique porous structure of Ag-Au bimetallic NPs is characterized by an increased number of surface active sites and a large void volume, which not only promotes electron transfer on the nanocatalyst surface, but also accelerates the reaction of the substrate in contact with the catalyst and thus improves catalytic activity.
optical and catalytic properties sensitive to changes of environmental conditions such as temperature, pH, and ionic strength. [28] [29] [30] [31] Among the variety of environment-sensitive polymer microgels, poly(N-isopropylacrylamide) (PNIPAM) has received considerable attention due to its low critical solution temperature (LCST) being close to human body temperature. 32 For example, Liz-Marzán et al. have developed Au-PNIPAM core-shell nanocomposites, showing that the catalytic activity of encapsulated Au NPs is affected by both temperature and shell composition. Importantly, the diffusion of reactants toward the catalytic core can be tuned by the closure/opening of the PNIPAM network in response to temperature changes. 33 Lu et al. synthetized yolk-shell Au-PNIPAM hybrid microgels wherein Au NPs were encapsulated in a hollow PNIPAM shell, with the porosity and hydrophobicity being effectively controlled by temperature changes. Moreover, the above Au NPs exhibited tunable catalytic activity and selectivity in the reduction of 4-nitrophenol (4-NP) and nitrobenzene (NB) in aqueous solution. 34 Wu et al. reported a one-pot synthesis of core-shell Au@polyvinylpyrrolidone (PVP) hybrid nanogels, revealing that embedded Au NPs demonstrated both pH-modulated catalytic activity and antiaggregation properties upon recycling. 35 Zha et al. reported a novel type of three-component composite microgels (AuNR@(AgNPs/PNIPAM)), showing that they exhibit lightcontrollable catalytic activity for the reduction of 4-NP by NaBH 4 that can be modulated by varying the power density of visible and near-infrared (NIR) light. 36 Ahmed and Farooqi have reported Ag NPs were introduced within the copolymerization of NIPAM with acrylamide (AAm), or 2-hydroxyethylmethacrylate (HEMA) and acrylic acid (AAc) hybrid microgels. It was showed that these polymer microgels do not only stabilize Ag NPs in polymer network but also enhance the mass transport of hydrophilic reactant 4-NP from outside to inside the polymer network.
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Compared to pure PNIPAM network chains, the swelling and shrinkage of poly(N-isopropylacrylamide-co-3-methacryloxypropyltrimethoxysilane) (P(NIPAM-co-MAPTMS)) organicinorganic hybrid microgels with temperature was partly limited because the thermosensitive PNIPAM chains were separated by rigid MAPTMS segments. 40, 41 Furthermore, the rigid MAPTMS segments could enhance the three-dimensional porous inexi-bility of P(NIPAM-co-MAPTMS), which is favor for the diffusion and mass transfer. We herein propose a novel route for the fabrication of porous Ag-Au bimetallic nanocomposites stabilized by organic-inorganic hybrid microgels with temperature sensitivity, and these structural features are expected to enhance the catalytic reactivity of bimetallic nanoparticles by intensication of the mass transformation. Based on above considerations, Ag@P(NIPAM-co-MAPTMS) hybrid microgels were synthesized by seed-emulsion polymerization using Ag NPs as the core and NIPAM/MAPTMS as monomers. Furthermore, Ag-Au bimetallic nanocomposites stabilized with P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels were prepared by a GR reaction between Ag NPs and HAuCl 4 , exhibiting SPR and catalytic properties being sensitive to external temperature. The shell layer of P(NIPAM-co-MAPTMS) three-dimensional network chains not only enhanced nanocomposite dispersity and stability, but also provided highly porous gel microdomains that could increase the diffusion of the substrate and hence enhanced catalytic activity. These expectations were proved through the reduction of 4-NP by NaBH 4 catalyzed by Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels.
Experimental
Materials NIPAM (TCI) was puried by recrystallization from n-hexane/ benzene (40/60, v/v) 
Synthesis of Ag@P(NIPAM-co-MAPTMS) hybrid microgels
Ag NPs stabilized by P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels were prepared in two steps.
In the rst step, Ag NPs were prepared using glucose as a reductant and sodium citrate/PVP as stabilizers. 42 Typically, a solution of 0.151 g of PVP, 0.048 g of sodium citrate, and 0.082 g of glucose in 30 mL of water was transferred into a 100 mL three-necked round-bottom ask and stirred at 400 rpm while being purged with N 2 to remove oxygen. The deoxygenated solution was heated to 100 C, and fresh [Ag(NH 3 ) 2 ] + was dropwise added within 30 min to obtain a green-yellow Ag NP dispersion that was repeatedly centrifuged with doubly distilled water at 9500 rpm for 30 min. Finally, the obtained NP dispersion was diluted with water to 30 mL. Ag NPs encapsulated in P(NIPAM-co-MAPTMS) organicinorganic hybrid microgels were synthesized by seeded emulsion polymerization using Ag NPs modied with NIPAM as core seeds. Typically, 10 mL of Ag NP dispersion was added to a solution of 0.08 g of NIPAM and 0.018 g of SDS in 50 mL of water, and the mixture was stirred for 24 h, being subsequently heated to 70 C under a ow of N 2 while stirring at 400 rpm in a 150 mL three-necked round-bottom ask equipped with a condenser. In the next step, an aqueous solution of an appropriate amount of NIPAM and 0.003 g of MBA cross-linker was added to the reaction ask. Aer 1 h, 28 mL of aqueous APS (0.95 M) and 0.005 g of MAPTMS were injected into the reaction system, and polymerization was performed for 4 h. The produced yellow Ag@P(NIPAM-co-MAPTMS) hybrid microgels were repeatedly centrifuged at 9500 rpm, sequentially washed with alternately water and absolute ethanol, and dispersed in 50 mL of water before use. To determine the effect of NIPAM loading on the dispersity of the Ag@P(NIPAM-co-MAPTMS) hybrid microgel shell layer, P(NIPAM-co-MAPTMS) organicinorganic hybrid microgels were fabricated using different masses of NIPAM (0.02, 0.04, 0.06, and 0.08 g) while keeping the amounts of MAPTMS, MBA, APS, and SDS constant.
Synthesis of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels
Core-shell Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels were controllably synthesized by a GR reaction between Ag NPs and HAuCl 4 using the former as a sacricial template (Fig. 1) . Typically, 50 mL of Ag@P(NIPAM-co-MAPTMS) aqueous dispersion was added into a 150 mL three-necked round-bottom ask upon 30 min stirring (400 rpm) at 25 C.
Subsequently, a certain volume of aqueous HAuCl 4 (0.002 M) was added into the ask using a constant-pressure funnel. Aer 6 h, 1.6 mL of aqueous ammonia was added into the ask, and the reaction was continued for 30 min. The obtained AgAu@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels were centrifuged (9000 rpm), sequentially washed alternately with water and absolute ethanol for several times, and freeze-dried (FD-1A-80, Beijing Boyikang Experimental Equipment Company). Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels with different contents of Ag and Au were controllably prepared by changing the volume of HAuCl 4 solution (1.0, 3.0, 6.0, and 9.0 mL), with the utilized nomenclature presented in Table 1 .
Characterization
The morphology and size dispersion of hybrid microgels were probed by transmission electron microscopy (TEM; JEM-2100, JEOL, Japan) at an accelerating voltage of 200 kV. Elemental mapping and high-angle annular dark eld scanning TEM (HAADF-STEM) imaging were conducted using eld emission transmission electron microscopy (FE-TEM) coupled with energy-dispersive X-ray spectroscopy (EDX) (Tecnai G2 F20, FEI, USA). UV-Vis spectra were recorded on a U-3900 UV-Vis spectrophotometer equipped with a temperature controller (Hitachi, Japan). Infrared spectra were recorded on an Avatar 360 Fourier transform infrared (FT-IR) spectrometer (Nicolet, USA) using the KBr pellet technique. Thermal stabilities were determined using a Q1000DSC+LNCS+FACS Q600SDT thermogravimetric analyzer (TA, USA) at a heating rate of 10 C min À1 in an atmosphere of N 2 . Swelling behavior was characterized by dynamic light scattering measurements (Nano-ZS90, Malvern, UK) in the temperature range of 25-45 C. Crystal structures were determined by X-ray diffraction (XRD) analysis (D/MAX-3C, Rigaku, Japan) performed using Cu K a radiation at 35 kV and 40 mA. Surface compositions were determined by Xray photoelectron spectroscopy (XPS; AXIS ULTRA, Kratos Analytical Ltd., Japan) using monochromatic Al K a radiation.
Catalytic reduction of 4-NP
The catalytic activity of hybrid microgels was systematically evaluated for the reduction of 4-NP by excess NaBH 4 as a model reaction, and the reaction progress was monitored in situ by measuring changes of 4-NP absorbance at 400 nm. Typically, a 0.003 g catalyst sample was dissolved in 20 mL of water. Separately, 100 mL of aqueous 4-NP (2.0 Â 10 À3 M) and 3.0 mL of aqueous NaBH 4 (0.10 M) were added into a standard quartz cuvette (solution pH was adjusted to 10 by NaOH), and 80 mL of the above catalyst dispersion was injected. The absorption spectra of the obtained mixture were acquired in situ in the range of 250-500 nm at 1 min intervals for different reaction temperatures, and apparent reaction rate constants (k app ) were obtained from temporal changes of the absorption peak intensity at 400 nm by plotting ln(A t /A 0 ) vs. reduction time (A t and A 0 are absorbances at time t and 0, respectively).
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Results and discussion
Morphology and crystal structure of Ag NPs TEM imaging showed that the prepared bright yellow Ag NPs exhibited a quasi-spherical shape ( Fig. 2a and b ) with an average diameter of $42 nm (Fig. 2c ) and a maximum absorption wavelength of 423 nm ( Fig. 2d) , which was attributed to their SPR. 44 Furthermore, the narrow half peak width of the UV-Vis absorption peak conrmed that Ag NPs exhibited strong SPR. High-resolution TEM imaging allowed the lattice spacing d to be determined as $0.235 nm (Fig. 2e) , which was assigned to the (111) crystal planes of face-centered cubic Ag. 
Morphology of Ag@P(NIPAM-co-MAPTMS) hybrid microgels
Ag NPs stabilized with P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels were synthesized by seed-emulsion Table 1 Naming of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels prepared using different amounts of HAuCl 4 
Samples
Volume of HAuCl 4
Ag@P(NIPAM-co-MAPTMS) 0 mL Ag-Au@P(NIPAM-co-MAPTMS)-1 1 mL Ag-Au@P(NIPAM-co-MAPTMS)-2 3 mL Ag-Au@P(NIPAM-co-MAPTMS)-3 6 mL Ag-Au@P(NIPAM-co-MAPTMS)-4 9 mL polymerization using NIPAM-modied Ag NPs as core seeds, with the amount of the NIPAM monomer directly affecting the dispersity and uniformity of the P(NIPAM-co-MAPTMS) coating layer. At a NIPAM loading of 0.02 g, the obtained surface layer was uneven, and the Ag NPs were prone to aggregation (ESI, Fig. S1a and b †). Conversely, a much better coating layer was observed at a NIPAM loading of 0.04 g ( Fig. 3a and b) , and the thus obtained Ag@P(NIPAM-co-MAPTMS) hybrid microgels exhibited good dispersity and a well-pronounced core-shell structure. The average hydrodynamic diameter of the above microgels was determined as $243 nm by dynamic light scattering measurements (Fig. 3c) . However, at increased NIPAM loadings (0.06 and 0.008 g), large numbers of individual P(NIPAM-co-MAPTMS) particles were formed due to the monomers being present in excess to Ag NPs (ESI, Fig. S1c-f †) . Compared to that of Ag NPs (423 nm), the absorption peak maximum of Ag@P(NIPAM-co-MAPTMS) hybrid microgels was red-shied to 446 nm (Fig. 4 ) due to the cross-linked structure of P(NIPAM-co-MAPTMS) shell layers altering the refractive index of coated Ag NPs and hence enhancing their Rayleigh scattering and inducing a red shi of the SPR absorption peak.
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The presence of PNIPAM and MAPTMS in organic-inorganic hybrid microgels was conrmed by FT-IR spectroscopy (ESI, Fig. S2 †) . Peaks at 2877, 2935, and 2935 cm À1 were assigned to C-H stretching vibrations and -CH 2 and -CH 3 groups of PNI-PAM, 48 while those at 1649 and 1547 cm À1 were assigned to the C]O stretch of PNIPAM amide (I) and (II) groups. The peak at 1387 cm À1 was attributed to the deformation of PNIPAM -C(CH 3 ) 2 methyls, and that at 1126 cm À1 was assigned to the -Si-O-Si-stretching vibration of MAPTMS.
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Morphology and structure of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels
Ag NPs covered with P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels were used as sacricial templates to synthesize Ag-Au bimetallic nanocomposites via a GR reaction between Ag NPs and HAuCl 4 . Herein, we chose ammonia for removing AgCl produced as a by-product during the formation of Au. 50 To explore the effect of HAuCl 4 dosage on the structure of Ag-Au bimetallic nanocomposites, Ag-Au@P(NIPAM-co-MAPTMS) hybrid microgels were prepared using different volumes of 0.002 M aqueous HAuCl 4 (1.0, 3.0, 6.0, and 9.0 mL), with the corresponding samples denoted as Ag-Au@P(NIPAMco-MAPTMS)-1, Ag-Au@P(NIPAM-co-MAPTMS)-2, Ag-Au@P(NI-PAM-co-MAPTMS)-3, and Ag-Au@P(NIPAM-co-MAPTMS)-4, respectively ( Table 1) .
The contents of Ag and Au and the structure of Ag-Au bimetallic nanocomposites were signicantly affected by the dosage of HAuCl 4 , e.g., the morphology of the above nanocomposites changed from porous to hollow with increasing HAuCl 4 solution volume. Thus, when 1.0 mL of HAuCl 4 was used, porous structures were observed (Ag-Au@P(NIPAM-co-MAPTMS)-1; Fig. 5a and b), whereas sharp edges appeared when the volume equaled 3.0 mL (Ag-Au@P(NIPAM-co-MAPTMS)-2; Fig. 5c and d) . As the volume of HAuCl 4 increased to 6.0 mL, the holes in the porous structure of Ag-Au@P(NIPAM-co-MAPTMS)-3 bimetallic hybrid microgels became larger ( Fig. 5e  and f) , and a well-pronounced hollow structure was nally obtained for Ag-Au@P(NIPAM-co-MAPTMS)-4 ( Fig. 5g and h) .
To determine the structures of Ag and Au in Ag-Au@P(NI-PAM-co-MAPTMS)-2, the above nanocomposite was probed by elemental mapping (HAADF-STEM), which showed that Ag and Au elements were uniformly distributed in the core region of Ag-Au@P(NIPAM-co-MAPTMS)-2 bimetallic hybrid microgels (ESI, Fig. S3 †) .
As mentioned above, the structure of Ag-Au bimetallic nanocomposites embedded in P(NIPAM-co-MAPTMS) hybrid microgels was regulated by changing the amount of added HAuCl 4 , which was rationalized as follows. During the GR reaction between Ag NPs and HAuCl 4 , AuCl 4 À ions acted as electron donors and were adsorbed on the surface of Ag NPs. The addition of a small amount of Au initially led to the formation of pits on the Ag surface that subsequently evolved into voids of Ag-Au bimetallic nanocomposites due to the dissolution of Ag in the particle interior. Thus, at increased amounts of AuCl 4 À ions, Au-Ag bimetallic nanocomposites with hollow interiors and porous walls formed as a result of Ag dealloying from Au-Ag alloyed walls. The formation of these hollow structures was attributed to the difference of Ag and Au diffusion rates, which is known as the Kirkendall effect, 21 with the overall mechanism schematically illustrated in Fig. 6 .
The crystal structures of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels with different Ag and Au contents were determined by HR-TEM. Based on the crystal lattice spacings in different regions of Ag-Au@P(NIPAM-co-MAPTMS) (ESI, Fig. S4 †) , their two lattice spacing were determined as 0.202 and 0.233 nm, being similar to those between Ag and Au (200) and (111). 51 In addition, the Fast Fourier Transform (FFT) maps of different Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels showed polycrystalline rings and thus indicated that the formed nanocomposites exhibited a polycrystalline structure.
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The crystal structures of composite materials were investigated by XRD (Fig. 7) . For Ag@P(NIPAM-co-MAPTMS), the broad peak at $20 was assigned to amorphous P(NIPAM-co-MAPTMS) shell layers. Compared to those of Ag@P(NIPAM-co-MAPTMS) (Fig. 7a) (Fig. 7b) , which indicated the occurrence of Ag-Au alloying.
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The chemical compositions of the prepared microgels were further probed by XPS. Both Ag@P(NIPAM-co-MAPTMS) (Fig. 8A-a) and Ag-Au@P(NIPAM-co-MAPTMS)-3 showed typical signals of C, N, O, Ag, and Si, with an additional signal of Au observed for the latter microgel ( Fig. 8A-b) . The two peaks at 373.5 and 367.5 eV in the high-resolution XPS spectrum of Ag-Au@P(NIPAM-co-MAPTMS)-3 were ascribed to Ag 3d 3/2 and Ag 3d 5/2 transitions, respectively (Fig. 8B) . The splitting of the Ag 3d doublet was estimated as 6.0 eV, conrming the metallic nature of Ag. 53 The two peaks at 87.4 and 83.7 eV were assigned to Au 4f 5/2 and Au 4f 7/2 transitions, respectively, with the splitting of the Au 4f doublet (3.7 eV; Fig. 8C ) also conrming the metallic nature of Au.
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Comparison of Ag 3d and Au 4f spectra of Ag-Au@P(NI-PAM-co-MAPTMS) bimetallic hybrid microgels showed that the binding energies of the corresponding peaks decreased with increasing Au content (Fig. 9) . Thus, when the volume of HAuCl 4 increased from 3 to 9 mL, the binding energies of Ag 3d 5/2 and Ag 3d 3/2 peaks decreased from 368 to 367.5 eV and from 374 to 373.5 eV, respectively (Fig. 9A) , with the binding energies of Au 4f 7/2 and Au 4f 5/2 peaks decreasing from 84 to 83.5 eV and from 87.7 to 87.2 eV, respectively (Fig. 9B) . XPS analyses of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels with different Ag-Au contents showed that with increasing HAuCl 4 volume, the Au content of the Ag-Au alloy increased, while that of Ag 0 decreased and that of Ag + increased. 55 The observed binding energy changes of Ag and Au peaks in the spectra of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels were in accordance with the mechanism of the redox reaction between Ag NPs and HAuCl 4 (ESI, Table S1 †).
Thermosensitivity of hybrid microgels
Hydrodynamic diameter variations of Ag@PNIPAM and Ag@P(NIPAM-co-MAPTMS) were measured by dynamic light scattering at 20-50 C. Data were acquired aer 5 min sample dispersion stabilization at each temperature, with all measurements repeated ve-fold and the nal results reported as averages. The swelling degree of temperature-induced of Ag@P(NIPAM-co-MAPTMS) hybrid microgels was less than that of Ag@PNIPAM microgels (Fig. 10) . Thus, Ag@PNIPAM microgels featured a hydrodynamic diameter of 270.3 nm at 20 C, with the signicant decrease to 231.1 nm observed at 32 C (Fig. 10a ) rationalized by the fact that the latter temperature corresponded to the LCST of PNIPAM, above which the PNIPAM chains exist in a shrinked state.
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The average hydrodynamic diameter of Ag@P(NIPAM-co-MAPTMS) equaled $248.5 nm at 20 C, decreasing to 225.7 nm at 32 C (Fig. 10b) . Thus, the swelling and shrinkage degrees of the above microgel were obviously reduced by the introduction of rigid MAPTMS segments into polymer chains, which inhibited the swelling and shrinkage of the shell layer. 40 The thermosensitivity of Ag@P(NIPAM-co-MAPTMS) hybrid microgels also decreased aer MAPTMS introduction, conrming that the shell layer comprised organic-inorganic network chains. 
SPR properties of hybrid microgels
The UV-Vis spectra of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels obtained at different dosages of HAuCl 4 revealed that the absorption peak maximum at 446 nm (Fig. 11a ) was broadened and shied to longer wavelengths with increasing HAuCl 4 loading (488, 531, 578, and 638 nm at 1, 3, 6, and 9 mL, respectively; Fig. 11b-e) , with the concomitant dispersion color change from bright yellow to light purple reecting the formation of Ag-Au alloy nanocomposites at the atomic level.
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To study the effect of solvent on the SPR of Ag@P(NIPAM-co-MAPTMS) and Ag-Au@P(NIPAM-co-MAPTMS)-3, the UV-Vis absorption spectra of these composites were recorded in water, acetone, tetrahydrofuran, and carbon disulde (Fig. 12) , with the former composite showing absorption maxima at 446, 454, 460, and 467 nm, respectively (Fig. 12a) . Similarly, the absorption maxima of Ag-Au@P(NIPAM-co-MAPTMS)-3 progressively shied to longer wavelengths (Fig. 12b) 58 In addition, the shrinkage of P(NIPAM-co-MAPTMS) in different solvents also changed the refractive index of the micro-environment surrounding Ag or Ag-Au NPs and hence shied the position of the absorption peak.
The Ag-Au nanocomposites exhibited the environmental regulated LSPR that endowed from the thermosensitivity of P(NIPAM-co-MAPTMS)-based organic-inorganic hybrid microgels, as the temperature was raised from 20 to 50 C (with complete microgel collapse observed at the latter temperature), the LSPR peak positions of Ag@P(NIPAM-co-MAPTMS) and AgAu@P(NIPAM-co-MAPTMS)-3 shied from 446 to 452 nm and from 578 to 585 nm, respectively ( Fig. 13a and b) , which was ascribed to the collapse of P(NIPAM-co-MAPTMS) polymer shells resulting in enhanced Rayleigh scattering due to increasing the refractive index contrast with the solvent. The above red shis of Ag and Ag-Au NPs peaks with increasing temperature were attributed only to the local refractive index increase resulting from water expulsion during heating-induced volume phase transitions. 28, 47 Therefore, it was concluded that the optical properties of Ag-Au bimetallic nanocomposites stabilized by P(NIPAM-co-MAPTMS) organic-inorganic hybrid network structures can be regulated by solvent and temperature changes. Moreover, the variation of the SPR band position further conrmed the successful encapsulation of Ag and Ag-Au NPs by the polymer microgel shell. Generally, the shrinkage makes refractive index increase, resulting in absorption spectrum red shi. It is this reason that the SPR peak of Ag NPs shows red shi as the temperature increase from 20 C to 50 C. Similarly, Ag-Au@P(NIPAM-co-MAPTMS)-3 hybrid microgels also showed SPR variation with temperature change (Fig. 13d) . In fact, the shrinkage of the microgel could lead to a decrease of distance between Ag NPs or Ag-Au NPs, but this shrinkage is not enough to make Ag NPs or Ag-Au NPs aggregate due to Ag NPs and Ag-Au NPs immobilized in the networks of the hydrogel. Generally, the aggregation of metal nanoparticles is irreversible. Here, the reversible variation of SPR with temperature change is possibly related to the reversible change of refractive index rather than the aggregation. The similar explanation for this phenomenon has been proposed in literature.
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Catalytic activity of hybrid microgels
The catalytic reduction of 4-NP by NaBH 4 was monitored in situ by measuring the intensity of the absorbance peak of 4-NP at 400 nm. In the absence of the catalyst, no absorption intensity change was observed aer 30 min (ESI, Fig. S5 †) , indicating that the non-catalytic reduction of 4-NP hardly occurred. When the reduction of 4-NP was performed in the presence of Ag-Au@P(NIPAM-co-MAPTMS) nanocatalysts with different Au contents (catalyst concentration ¼ 0.15 g L À1 , temperature ¼ (Fig. 14) . 60 Simultaneously, the color of the reaction mixture changed from yellow to colorless. The time required for the complete reduction of 4-NP catalyzed by Ag@P(NIPAM-co-MAPTMS) equaled $42 min (Fig. 14a) , decreasing to 24 and 17 min in cases of Ag-Au@P(NIPAM-co-MAPTMS)-2 and AgAu@P(NIPAM-co-MAPTMS)-3, respectively (Fig. 14b and c) . Thus, the reaction rate was greatly improved by increasing the Au content of Ag-Au bimetallic nanocomposites.
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The kinetics of the above catalytic reduction was investigated by plotting ln(A t /A 0 ) vs. reaction time (Fig. 14d) (A t and A 0 denote absorbances at 400 nm at times t and 0, respectively). Taking into account the fact that NaBH 4 was present in large excess with respect to 4-NP, a pseudo-rst-order model with respect to the latter was applied. The apparent rate constants (k app ) determined from the linear plot of ln(A t /A 0 ) vs. reduction time at 25 C equaled 0.062, 0.123, and 0.174 min À1 for
Ag@P(NIPAM-co-MAPTMS), Ag-Au@P(NIPAM-co-MAPTMS)-2 and Ag-Au@P(NIPAM-co-MAPTMS)-3, respectively, conrm-ing that the catalytic activity of Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgels signicantly increased with increasing relative content of Au. Moreover, the porous Ag-Au bimetallic nanocomposites provided a large surface area for catalytic reaction, which signicantly enhanced the reaction rate. 63 Notably, the P(NIPAM-co-MAPTMS) shell not only improved the stability and dispersity of Ag-Au bimetallic nanocomposites, but also provided a restricted reaction space for increasing the local concentration of the reaction substrate. Therefore, the temperature-dependent swelling and shrinkage of the above shell can be used to regulate catalytic activity.
To verify the temperature sensitivity of the reduction of 4-NP with NaBH 4 in the presence of Ag-Au@P(NIPAM-co-MAPTMS)-3 bimetallic hybrid microgels, their catalytic performances were evaluated at different temperatures. The corresponding UV-Vis absorption spectra for Ag-Au@P(NI-PAM-co-MAPTMS)-3 (ESI, Fig. S6 †) indicated that the reaction completion times equaled 17, 16, 19, 12 , and 10 min at 25, 30, 32, 35, and 40 C, respectively, with the absence of a monotonous reaction rate increase implying that catalysis by AgAu@P(NIPAM-co-MAPTMS)-3 was inhibited at a certain temperature due to the thermosensitivity of P(NIPAM-co-MAPTMS) microgels. Aer a certain incubation time, k app values were determined at different reaction temperatures (Fig. 15a) (Fig. 15b) . Interestingly, the change of reaction rate with increasing temperature could not be well described by the Arrhenius equation, rather comprising three distinct stages. In the rst stage, when the temperature was increased from 25 to 30 C, PNIPAM existed in an extended state, favoring the diffusion of reactants into the domains of Ag-Au bimetallic nanocomposites. As a result, k app increased, and the catalytic reaction was accelerated. In the second stage, at temperatures (30 to 32 C) close to the LCST of PNIPAM, PNIPAM segments existed in a compact state, therefore inhibiting the contact of reactants with Ag-Au and decreasing k app . In the third stage (32 to 40 C), the increase of temperature overrode the above inhibitory effect, 34 and the value of k app continued to increase. Thus, the above k app -temperature correlation indicated that the chemical environment of Ag-Au nanocomposites in AgAu@P(NIPAM-co-MAPTMS)-3 was signicantly changed upon crossing the LCST threshold. Based on these results, we concluded that catalysis by Ag-Au@P(NIPAM-co-MAPTMS)-3 could be effectively controlled by changing the reaction temperature.
In order to further explore the effect of temperature on the k app , the activation energy (E a ), Arrhenius factor (A), enthalpy (DH) and entropy (DS) of activation for catalytic reduction of 4-NP before and aer LCST was calculated according to Arrhenius and Eyring equation. [64] [65] [66] As can be seen, the E a of before LCST and aer LCST are 1.25 Â 10 4 J mol À1 and 1.80 Â 10 4 J mol À1 , respectively (ESI Table S2 
be noted that the high value of DH and DS at above LCST suggests that reaction is more favourable at high temperatures as compared to that at low temperatures (below LCST). Above 35 C, the collapsed P(NIPAM-co-MAPTMS) organic-inorganic gel shell could be envisaged to require more energy for the reactant to close to nanocatalysts in the core part. It suggests that reaction is more favourable thermodynamically at high temperatures.
Mechanism of catalytic activity regulation
To explore the catalytic activity regulation mechanism of Ag-Au bimetallic nanocomposites loaded with P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels, we compared the activities of Ag-Au@PNIPAM and Ag-Au@P(NIPAM-co-MAPTMS)-3 with identical contents of Ag-Au nanocomposites at temperatures of 25, 32, and 40 C. As a result, the times required for the AgAu@PNIPAM catalyzed reduction of 4-NP to proceed to completion were determined as 19, 21, and 13 min at 25, 32, and 40 C, respectively, with k app values determined as described above (ESI, Fig. S7 †) . Fig. 16 shows the temperature dependence of k app for AgAu@PNIPAM and Ag-Au@P(NIPAM-co-MAPTMS)-3, demonstrating that the latter catalyst exhibited higher activity than the former at identical temperatures, which showed that the introduction of the rigid MAPTMS into PNIPAM chains enhanced substrate mass transfer.
Upon a temperature increase from 25 to 32 C, the k app of AgAu@PNIPAM decreased from 0.150 to 0.117 min À1 , while that of Ag-Au@P(NIPAM-co-MAPTMS)-3 decreased from 0.174 to 0.162 min
À1
. When the temperature was raised to 40 C, the reduction rate signicantly increased in the case of AgAu@P(NIPAM-co-MAPTMS). Compared to pure PNIPAM network chains, the swelling and shrinkage of P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels was limited by the introduced rigid MPTMS segments. Close to its LCST, the PNIPAM shell layer encapsulating Ag-Au bimetallic nanocomposites existed in a completely collapsed state, hindering contact between reactants and the metal catalyst. In AgAu@P(NIPAM-co-MAPTMS), the thermosensitive PNIPAM chains were separated by rigid MAPTMS fragments, which inhibited the shrinkage of the former and allowed the facile diffusion of 4-NP and its contact with the Ag-Au nanocatalyst.
When the temperature was further increased to 40 C, P(NIPAMco-MAPTMS) hybrid microgels could easily maintain their highly porous structure, which favored substrate diffusion and increased its local concentration. Correspondingly, the enhanced permeability of the P(NIPAM-co-MAPTMS) organicinorganic layer shell could provide microdomains for the diffusion and mass transfer of the substrate to Ag-Au bimetallic nanocomposites. Therefore, Ag-Au@P(NIPAM-co-MAPTMS) exhibited higher catalytic activity than Ag-Au@PNIPAM, with the above mechanism schematically illustrated in Fig. 17 . The comparison of apparent rate constant and intrinsic rate constant of our nanocatalytic systems to the literature recently reported on silver nanoparticles loaded hybrid microgels was presented in ESI (Table S3 † ). Comparing to other reports, our prepared Ag-Au bimetallic nanocomposites stabilized with P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels exhibited higher catalytic activity for reduction of 4-NP below and above LCST. The reason is that three-dimensional structure of the P(NIPAM-co-MAPTMS) could provide microdomains for substrate diffusion and mass transfer due to the introduction of the rigid MAPTMS into PNIPAM network chains.
Reusability of composite catalysts
The stability of Ag-Au bimetallic nanocatalysts was explored by determining the catalytic conversion of Ag-Au@P(NIPAM-co-MAPTMS)-3 under typical conditions at 25 C aer re-cycling.
The obtained results showed that although the above conversion decreased aer four re-use cycles, it was still above 89% (ESI, Fig. S8 †) , with this slight reduction ascribed to the partial blockage of active sites. 67 Thus, Ag-Au@P(NIPAM-co-MAPTMS) bimetallic hybrid microgel composites could serve as stable, efficient, and reusable catalysts.
Conclusions
In this study, we herein propose a novel route for the fabrication of porous Ag-Au bimetallic nanocomposites stabilized by organic-inorganic hybrid microgels with temperature sensitivity, and these structural features are expected to enhance the catalytic reactivity of nanometal particles by intensication of the mass transfer. To verify the feasibility mentioned above, AgAu bimetallic nanocomposites stabilized with P(NIPAM-co-MAPTMS) organic-inorganic hybrid microgels were prepared, and the reduction of 4-NP by NaBH 4 catalyzed by the bimetallic hybrid microgels was performed. Based on the experiment result, the following conclusions can be drawn. (1) Introduction of rigid PMAPTMS segments into PNIPAM microgel could enhance the three-dimensional porous inexibility of P(NIPAMco-MAPTMS), which is favor for the diffusion and mass transfer; (2) P(NIPAM-co-MAPTMS) could immobilize Ag-Au bimetallic nanoparticles into network to inhibit the aggregation of metal nanoparticles; (3) both SPR and catalytic properties of AgAu@P(NIPAM-co-MAPTMS) are reversibly sensitive to external temperature due to presence of temperature sensitive PNIPAM chains. All conclusions aforementioned are signicant to construction of hybrid microgels used in catalysis.
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